To gain a better insight into the failure mechanism of reinforced sand, a FEM simulation of plane strain compression tests of dense Toyoura sand reinforced with planar reinforcement having a wide range of stiffness was performed.
INTRODUCTION
In order to predict the failure of full-scale reinforced soil structures under both operational and limit conditions, it is first required to understand their deformation and strength characteristics as a composite consisting of soil and reinforcement.
Yamauchi (1985) and Tatsuoka and Yamauchi (1986) conducted a series of PSC tests on dense Toyoura sand that was either unreinforced or reinforced by using different planar-reinforcement materials. A simplified theoretical consideration was also made to investigate the interaction among reinforcement properties, soil properties, reinforcement spacing and initial confining pressure. They also observed precisely the strain fields of the specimens. Kotake (1998) and Kotake et al. (1999) simulated the results of plane strain compression (PSC) tests on small specimens of dense Toyoura sand that were either unreinforced or tensile-reinforced with various types of planar-reinforcements placed horizontal (Tatsuoka and Yamauchi, 1986) by using nonlinear elasto-plastic FEM, incorporating the plastic strain-hardening proposed by Tatsuoak et al (1993) and
Siddiquee (1994) . The FEM analysis method proposed for failure analysis of reinforced sand could successfully simulate both global and local behaviors observed in the physical experimental tests with respect to peak load and shear banding. It was noted, however, that for the two reinforced specimens, the maximum stress ratio and pre-peak stiffness are somewhat larger in the FEM analysis than in the experimental PSC tests. This discrepancy can be attributed, at least partly, to that the assumption as to the plastic strain-hardening model for sand was inadequate, and for that reason, shear strains for stress paths traced in the sand were underestimated.
The objective of this study is, therefore, to numerically simulate the results from a series of plane strain compression (PSC) tests on reinforced dense Toyoura sand specimen conducted by Tatsuoka and Yamauchi (1986), based on the newly proposed work-hardening constitutive model for sand. The proposed elasto-plastic constitutive model for sand is based on a stress pathindependent work hardening parameter. The model is capable of simulating the effects on the deformation characteristics of stress history and stress path, pressure level, and inherent anisotropy, while strain softening associated with strain localization into a shear band is taken into account. Typical tests on sand specimens reinforced by using relatively flexible and rigid reinforcement as well as an unreinforced sand specimen were analyzed. One test on unreinforced sand specimen and two tests on specimens reinforced with a urethane sheet and a rough brass plate having surfaces roughened by gluing sand particles, as flexible and rigid reinforcements respectively, were selected for simulation. The PSC specimen was discretised basically into 1.0 cm x 1.0 cm square plane strain elements (Fig. 2 ). The number of total nodal points was 81. 2001), only the essence will be described below.
The work-hardening parameter, Wp* , was defined in the plane strain condition as follow;
and n is a material constant. The hardening function for the prepeak regime is assumed as follows (see Fig. 3 ):
where X is the following specific of stress level, given as: where m and c are the material constants , which are, respectively, 0.596 and 0.639 for Toyoura sand in this present study.
In the present study, it was assumed that the deformation of a given sand element under uniform boundary stress conditions be homogeneous in the pre-peak regime, and that strain localization into a shear band starts suddenly at the peak stress state (Tanaka loading stages in the experimental PSC tests are shown in Fig. 6 . The representative loading stages selected were " before peak (A)", "around peak (B)", and "after peak to residual (C)" as denoted in Fig. 5 . The corresponding contours of rmax obtained from the FEM analyses are shown in the Fig. 6 . The following trends can be noted from the comparison between the FEM simulation and the experimental PSC tests. . 5c ).
Reinforcement Tensile Behavior
Tensile force distributions in the reinforcement of urethane at different loading stages are shown in Fig. 7(a) , which are obtained from the FEM analysis. The tensile force in the urethane has the maximum at the center, but the distribution is somewhat skewed in the left half after the global peak state. This is due to that large local strains were induced to the left half of the specimen as the strain localization exhibited diffusion over the whole specimen, as seen from Fig. 6(b) . The increase in the tensile force continues at a lower rate after the global peak state. This is due to the fact that shear banding diffused within the specimen and the lateral strains induced in the multiple shear bands were prevented from increasing by the reinforcement. This is the major factor for the post-peak ductile global behavior of the urethane-reinforced sand.
Tensile force distributions in the reinforcement of rough brass at different loading stages are shown in Fig. 7(b) , which are also obtained the FEM analysis. The tensile force in the rough brass has the maximum at the center, but the distribution is somewhat skewed in the left half after the global peak state, which was similar to that of urethane-reinforced specimen. This is due to that large local strains were induced to the left half of the specimen as the sand exhibited strain localization, as seen from Fig .   6 (c). In the rough brass-reinforced specimen, the tensile force decreases noticeably after the global peak state. The decrease is due to the reduction in the lateral tensile strains of sand in the zones adjacent to the reinforcement. Such strain localization in a well defined shear band as described above is the major factor for the post-peak brittle global behavior of the brass-reinforced sand. the physical PSC test than that from FEM analysis with the previous shear strain-hardening model. This is due to that the proposed work-hardening model is capable of simulating the effects of stress history and stress path on the deformation of reinforced sand, as discussed above.
CONCLUSIONS
From the results presented above, the following conclusions can be derived:
(1) The relevant FEM analysis could simulate very well not only the global stress-strain behavior but also the local deformation of both unreinforced sand specimen and sand specimens reinforced with planar reinforcement, flexible and rigid, which are brought to failure in plane strain compression tests. (2) . The FEM analyses could well simulate the failure mechanism of sand specimens reinforced with flexible and rigid reinforcement. By an insight into the strain fields, the reinforcing mechanism by tensile reinforcement was clearly understood in relation to the global stress-strain relations. Tab. I-1 Physical properties of reinforcements used for plane strain compression
